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The resolution of an infectious disease requires careful orchestration of innate and adaptive immunity. B and T cells specific for infectious agents are not easily obtained in abundant and pure form, yet their availability is crucial in defining their activation requirements and protective properties, either as a single clone or as an ensemble of different specificities. During the peak of an immune response as many as 30% of all CD8 + T cells may be pathogen-specific (1, 2) . For viral pathogens such as vaccinia virus or mouse herpes virus-68, several dozen antigens may be recognized by CD8 + and CD4 + T cells (3) (4) (5) . Existing T cell receptor transgenic mouse models have all been constructed from T cell clones or hybridomas selected for survival and response to antigens in vitro. Whether these transgenic mouse models accurately reflect the affinities and activation requirements of lymphocytes triggered during a physiological response to an infection is not known. Somatic cell nuclear transfer (SCNT) allows the generation of ES cells and mice from any somatic cell through epigenetic reprogramming without the introduction of genetic modifications (6) (7) (8) . The specificity of T or B cell receptors (TCR or BCR) is determined by site-specific recombination of their V, D and J gene segments. Consequently, when SCNT is applied to lymphocytes of known specificity, these genetic V(D)J rearrangements are transferred to the SCNT-embryonic stem cells (ESCs) and the mice derived from them, while epigenetic marks are reset (Fig. 1A) . Natural Killer T cells (NKT) carrying an invariant TCR, as well as T and B cells of unknown specificity, have been used as donor cells for SCNT, demonstrating that mice can be cloned from such cells and that their rearranged TCR-or Igloci can be transmitted through the germline (9-12).
Here we apply this approach to create new mouse model by using effector CD8 + T cells specific for Toxoplasma gondii, isolated at the height of resolving an acute infection. We focused on these cells because protective immunity against this protozoan critically depends on interferon (IFN)-γ produced by CD8 + T cells (13, 14) . We had identified two naturally processed epitopes, L d -Tg-Rop7 161-169 (R7) and L d -Tg-Gra4 107-115 (G4), restricted by the major histocompatibility complex antigen (MHC-I) H-2L d and recognized by CD8 + T cells (15) . Using a similar approach, a screen for epitopes recognized by H-2K b or H-2D b let to the identification of one epitope restricted by H-2 b , K b -Tg-tgd057 59-66 (T57) a protein of unknown function, likely to be secreted (16) . One additional H-2d epitope, L d -Tg-Gra6 215-224 , was identified in parallel (17) . However, there has been no mouse model that provides access to naïve antigen-inexperienced T. gondii-specific T cells.
We used CD8 + T cells specific for R7, G4, and T57 on the BL/6 × Balb/c F1 (B6CF1) background as donor cells for SCNT, a procedure that is more efficient for donor nuclei of mixed background (6) . We used Trichostatin A (TSA), an inhibitor of histone deacetylases, to improve nuclear reprogramming (Fig. 1B) . We generated SCNT-blastocysts with an overall efficiency of 7.2% per pseudo-pronucleus (PPN) in all three conditions, and obtained ESCs when using TSA treatment for 6h (4 ESC lines) or 10h (1 ESC line), but none in the absence of TSA. As a control, fertilized blastocysts on the B6CF1 background yielded 47 ESCs per 48 blastocysts ( fig. S1A ). When CD8 + T cells from a pure Balb/c background were used as donor cells, we derived 2 SCNT-ESC lines with similar efficiency ( fig. S1B ), but only after 10h TSA treatment, confirming reports that TSA indeed facilitates cloning of inbred mice (7, 18) .
We generated chimeric mice using the five SCNT-ESC lines from the B6CF1 background, all of which showed pronounced populations of tetramer-positive CD8 + T cells in the absence of infection with T. gondii (Fig. 1C) . Chimeric mice derived from the two SCNT-ESC lines on the Balb/c background also yielded CD8 + T cells of correct specificity ( fig. S1C ). We thus cloned T cells of desired specificity in seven out of seven cases, a rate that depends on both TSA treatment and the ability to obtain donor cells of sufficient purity. We refer to these animals as transnuclear (TN) mice because such mice, generated via SCNT of T cells (or B cells) with pre-selected specificity, represent a new type of mouse model. We next identified the genomic TCR rearrangements from the TN mice on the B6CF1 background ( Fig. 2A, fig. S2A -B) by RACE-PCR. Examination of the cDNA sequences obtained showed that the three SCNT-ESC lines specific for R7 were different from each other. A comparison of their amino acid sequences revealed no obvious pattern of the complementary determining region 3 (CDR3) that would explain their shared specificity ( fig. S2C ).
To characterize TN mice, we compared splenocytes from the T57 line with B6CF1 wildtype mice and a widely used TCR transgenic line also restricted by H-2K b , OT-I, specific for a chicken ovalbumin-derived peptide (SIINFEKL) (19) . A comparison of T cells (CD3 + ) and B cells (B220 + ) showed that the TN line had a relative increase in the CD3 + population (35.6% for TN versus 12.8% for B6CF1 wildtype) and that this population consisted mainly of CD8 + T cells (91.3% for TN versus 43.1% for wildtype, Fig. 2B ). A skewing in the CD8 + population was also apparent in the OT-I line (84.8%), but without a relative increase in CD3 + cells (17.7%). The majority of CD8 + TN cells were CD44 low CD62L + , indicative of a naïve phenotype (64.1% for T57 versus 69.6% for wildtype). We also compared the TN line G4 to the transgenic line 2C (Fig. 2C) . The alloreactive 2C line was derived from a Balb/b mouse (H-2 b ) injected with H-2 d cells (H-2 b anti H-2 d ). Its response against the QL9 peptide is particularly well characterized (20) (21) (22) . Similar patterns were observed for the two TN lines G4 and T57. TN mice expressing only a single copy of a pre-rearranged endogenous β-chain had no major changes in T cell subsets, whereas TN mice expressing a single copy of a prerearranged endogenous α-chain had an increase in CD3 + CD4 − CD8 − cells in the spleen ( fig.  S3A-B) . Finally, we found that T cell development in TN mice T57 and G4 in all aspects examined resembles that of B6CF1 wildtype mice, and of some transgenic lines ( fig. S4A-D,  fig. S5A-B) .
Because TN CD8 + T cells were generated from freshly isolated effector CD8 + T cells, we hypothesized that TN T cells may have MHC binding characteristics distinct from conventional TCR transgenic mice. In a MHC-I-tetramer dissociation assay, the TN CD8 + T cells of H-2L d haplotype dissociated faster from their cognate peptide-MHC-I complex than did transgenic 2C cells (Fig. 3A) . The observed differences in dissociation rate of the H-2L d T cells are not due to differences in peptide-MHC interactions, since the peptides QL9, G4, and R7 stabilized H-2L d in transporter of antigen processing (TAP)-deficient cells equally well (Fig. 3B) . Although we are aware of the limitations of tetramer dissociation as a surrogate parameter for TCR affinity (23), we consider it possible that the average T. gondii-specific H-2L d -restricted TCR may well be of lower affinity than the highly selected 2C. A comparison of TN T57 with transgenic OT-I cells showed similar dissociation rates (Fig. 3C) . We examined the ability of TN CD8 + T cells to produce IFN-γ upon stimulation with peptide-loaded antigenpresenting cells in vitro. TN T cells secreted IFN-γ only when stimulated with the corresponding peptide (Fig. 3D) .
To assess the extent to which the presence of only the TCR α-or β-chain suffices to yield TCRs of specificity similar to that of the TN αβ pair, we analyzed mice that carry only the TN α-or only the TN β-chain of T57 or G4 ( fig. S6A ). There was no increase in tetramer-positive T cells in mice carrying the TN β-chain or α-chain only.
We next compared the in vivo response of wildtype BL/6 and TN CD8 + T cells to an infection with T. gondii (Fig. 4A-B, fig. S6B-E) . In wildtype mice, we detect T57 tetramer-positive CD8 + T cells mainly between day 9 to 15 post infection, with a maximum frequency of about 7% ( fig. S6B ). When T57 CD8 + T cells were adoptively transferred into wildtype mice, the kinetics of expansion were comparable, but with a much higher frequency of T57 tetramerpositive CD8 + TN T cells (about 60%) (Fig. 4A-B) . We detected little or no response from the endogenous CD8 + T cells in these mice that received TN T cells (Fig4A, fig. S6C ). Similarly, when CFSE-labeled CD8 + T cells from wildtype or T57 mice were transferred into recipient mice and subsequently infected with T. gondii, upregulation of CD69 and dilution of CFSE was only observed in mice receiving T57 T cells ( fig. S6D-E) .
We next investigated the protective potential of CD8 + T cells from T57 TN mice. Animals infected with a lethal dose of T. gondii die around day 10, and some of the CD8 + T cell responses do not peak before that time (15) (16) (17) . When B6CF1 mice were challenged with a lethal dose of T. gondii, 4 out of 7 mice receiving CD8 + T cells from T57 TN mice survived the acute phase of infection, compared to 1 out of 7 in the control group (Fig. 4C) . Using live imaging in the course of a lethal challenge with luciferase-expressing T. gondii, we observed a significant reduction in parasite load at day 7 post infection in the group that received CD8 + T cells from T57 (Fig. 4D) . Further experiments will show whether all five TN lines are equally capable of controlling T. gondii, and help establish the number of specific cells needed, as well as the cell type (naive, effector, or memory T cell) most effective at protection.
Transgenic mouse models have long been used to study various aspects of the immune system. Their generation involves long-term culture and repeated stimulation of T cells with antigen, isolation of the TCR α-and β-chains as cDNA or genomic fragments under the control of a non-endogenous promoter, and integration of the TCR into the mouse genome at nonhomologous sites (24) (25) (26) . This inevitably leads to variation in expression levels, kinetics, and development even in mice expressing the same TCR (27) . Further studies of suitable TCR transgenic lines are governed mostly by random selection of a "best responder". To show that somatic cells can be reprogrammed, a mouse line had been generated from a randomly chosen T cell (10) . This mouse showed skewed T cell development, with a strong increase in the CD4-CD8 DN population (45% in LN3 compared to 5% in wildtype), attributed to aberrant expression of the α-chain (11). Besides a relative shift in the DN1-4 stages towards the DN4 phase, we did not observe an increase in the CD4-CD8 DN population in the TN mice reported here. TN mice have no additional experimentally introduced genetic modifications. Consequently, the differences observed amongst TN lines must be due to position effects within the rearranged TCR locus, or derive from the intrinsic properties of the expressed TCR. A comparison of different TN mouse lines might therefore allow a detailed dissection of these properties without the confounding effects of transgenic artifacts.
The time-consuming generation of transgenic mouse models has lead to the widespread use of a limited number of surrogate antigens, such as ovalbumin (recognized by the OT-I and OT-II transgenic mice) to study the immunobiology of infectious disease. Pathogens engineered to produce fragments of ovalbumin, and the immune reaction against it, are unlikely to capture all essential aspects of the physiological response. As an example, we show that T57 TN CD8 + T cells proliferate upon infection with T. gondii and significantly reduce the parasiteburden, but provide limited protection against an acute lethal challenge with T. gondii. Are responses against all epitopes equally protective? What is the best cell type to provide protection? Do responses against some epitopes protect from Toxoplasma-induced encephalitis? The answers to such questions require ready access to T cells that accurately reflect the natural response against the pathogen, and TN T cells arguably meet that requirement best. Taken together, transnuclear mice obtained by SCNT can be generated rapidly from freshly isolated specific CD8 + T cells. As long as methods for identification of antigen-specific lymphocytes can be applied, this strategy should also be applicable for CD4 + T cells and B cells. Transnuclear mice resemble a new type of mouse model, which express their TCR α-and β-chains from their endogenous loci under the control of their endogenous promoters without further genetic modification, thus avoiding genetic footprints at the site of integration, an unavoidable hallmark of transgenics. 
